We present an atomic-scale analysis of the indium distribution of self-assembled In͑Ga͒As quantum rings ͑QRs͒ which are formed from InAs quantum dots by capping with a thin layer of GaAs and subsequent annealing. We find that the size and shape of QRs as observed by cross-sectional scanning tunneling microscopy ͑X-STM͒ deviate substantially from the ring-shaped islands as observed by atomic force microscopy on the surface of uncapped QR structures. We show unambiguously that X-STM images the remaining quantum dot material whereas the AFM images the erupted quantum dot material. The remaining dot material shows an asymmetric indium-rich crater-like shape with a depression rather than an opening at the center and is responsible for the observed electronic properties of QR structures. These quantum craters have an indium concentration of about 55% and a diameter of about 20 nm which is consistent with the observed electronic radius of QR structures. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2058212͔ Quantum rings ͑QRs͒ are a special class of nanostructures that have attracted a lot of attention due to the occurrence of the Aharonov-Bohm effect, which is specific to the doubly-connected topology of a ring.
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1-7 Particularly interesting are the magnetic properties of such quantum systems, which are related to the possibility of inducing persistent currents. In recent years the fabrication and investigation of self-assembled InAs QRs have been rapidly progressing and led to a large number of theoretical and experimental studies. 4, 6, [8] [9] [10] [11] [12] [13] In͑Ga͒As QRs are formed by capping self-assembled quantum dots ͑QDs͒ grown by Stranski-Krastanov ͑SK͒-mode with a layer thinner than the dot height and subsequent annealing. 8 During this process, anisotropic redistribution of the QD material takes place, resulting in elongated ringshaped islands on the surface, with crater-like holes in their centers as was shown with atomic force microscopy ͑AFM͒ measurements. 8 The dot to ring transition has been attributed to a dewetting process which expels indium from the QD, 14 and a simultaneous strongly temperature dependent Ga-In alloying process. 12 Capacitance and far-infrared spectroscopy on buried QR structures have shown evidence of the first Aharonov-Bohm oscillation. 9 Although no direct measurements were available, an electronic radius of about 14 nm was deduced, what led to the conclusion that the QR shape as determined from AFM topography is preserved when buried. 9 Until recently, 15 however, no structural measurements of buried QRs have been available. Furthermore, measurements of the vertical Stark effect of excitons confined to individual QRs 11 have shown rather large dipole moments with opposite sign as compared to QDs. 16 Theoretical calculations have indicated that both the observed electronic radius and dipole moment of the QRs are inconsistent with the geometry as determined by AFM. 6 In order to unambiguously resolve this discrepancy we have analyzed the shape, size, and composition of buried QRs at the atomic scale by cross-sectional scanningtunneling microscopy ͑X-STM͒.
Twenty layers of QRs separated by 18 nm were grown by solid source molecular-beam epitaxy ͑MBE͒ on a Sidoped n-type GaAs ͑001͒ substrate. The QRs are formed by the partial capping of InAs QDs grown at 540°C with 2 nm of GaAs and subsequent annealing at 500°C under As 2 flux. 12 On top of the structure a layer of QRs was grown for AFM measurements. The X-STM measurements are performed in an ultra-high-vacuum chamber on the orthogonal ͑110͒ and ͑110͒ cross-sectional surfaces. In X-STM the QRs are cleaved at a random position with respect to the center of the QR. Therefore, more than 100 QRs were imaged and the largest ones were selected for analysis. It can be then assumed that these QRs are cleaved near their middle. Photoluminescence measurements show identical results as observed for similar QR structures. 12, 15 Figure 1 shows an AFM image of the surface layer of the structure. The ring-shaped islands ͑density 10 10 cm −2 ͒ are elongated along the ͓110͔ direction, with an outer size of about 100 by 70 nm and an average height of about 1 nm. and have a size of 30 by 20 nm and a depth of about 0.5-1.5 nm. Figure 2 shows a large scale X-STM image of three of the QR layers. The rows in the image are the top rows of the cleaved ͑110͒ surface, 17 which are separated by one bilayer ͑BL͒, i.e., 0.565 nm, in the ͓001͔ direction. The bright spots correspond to In atoms in the top layer of the cleaved surface. In the image the cross-sections of two flat indium-rich nanostructures can be seen. Although these structures differ considerably from the ring-shaped islands as observed by AFM, see Fig. 1 , we will discuss how they are related to each other.
In Fig. 3 we present averaged height profiles taken across the middle QR layer in the growth direction between the points A and B. The profiles are averaged over a distance of 10 nm in the ͓110͔ direction and clearly indicate two peaks in the indium concentration. The highest peak can be attributed to the wetting layer on which the QDs are formed during growth. The separation between the peaks of 3-4 BLs corresponds to the height of the partial GaAs capping layer. This indicates that the formation of the second peak in the indium concentration occurs during the growth interruption after the partial capping of the QDs. We attribute the presence of the second indium layer to the accumulation of segregated indium from the wetting layer at the surface of the partial capping layer and to surface migration of indium atoms that have been expelled from the quantum dots during QR formation. [18] [19] [20] [21] We find that the second indium layer is not only present nearby the nanostructures, but actually extends laterally over the entire cleaved surface. However, by closer inspection of Fig. 2 or from the shaded lines in Fig. 3 , it can be seen that over the distance between points A and B, the separation between the wetting layer and the second indium layer increases with about two bilayers towards the nanostructure. This change in separation is in agreement with the height and diameter of the uncapped QRs as measured by AFM. Thus at least to some extent the shape of the ring-shaped islands as observed by AFM is preserved after capping.
Enlarged views of the nanostructures can be seen in Fig.  4 where we show filled states topography images of the orthogonal ͑110͒ and ͑110͒ cleavage planes, which correspond with the short and long axis of the ring-shaped islands observed by AFM, respectively.
The nanostructures have a crater-like shape which can be attributed to the remainder of the quantum dots after the QR formation process. It can be clearly seen that these quantum craters do not have an opening at the center. Furthermore, in the ͓110͔ direction, we generally find that the rim of the quantum crater appears brighter and higher ͑8 BLs͒ compared to the ͓110͔ direction where the rim is less pronounced. We attribute this asymmetry to the preferential diffusion of the dot material in the ͓110͔ direction 22 as can be seen from the elongation of the ring-shaped islands in Fig. 1.   FIG. 1 . ͑Color online͒ 1 ϫ 1 m 2 atomic force microscopy image showing the anisotropic distribution of InAs/ GaAs dot material after 2 nm GaAs capping and 1 min annealing at growth temperature under As 2 flux. The height scale is 0 ͑dark͒ to 2.5 nm ͑bright͒. The height of the ring-shaped islands is about 1 nm. Atomic steps can be seen in the image. The use of As 2 or high As 4 fluxes partially compensates this anisotropy. 12 The elongation of the ring-shaped islands at the surface implies that, compared to the ͓110͔ direction, in the ͓110͔ direction a larger fraction of the original InAs dot has been converted into the InGaAs rim observed by AFM. Therefore, it should be expected that the remaining dot material, i.e., the quantum crater, will present a less pronounced rim shape in the ͓110͔ direction.
By imaging at a high voltage ͑V sample =−3 V͒, electronic contributions to the contrast in the image are minimized and only the true outward surface relaxation due to the lattice mismatch ͑7%͒ between the InAs and surrounding GaAs is imaged. We use the outward relaxation of the cleaved surface, to determine the indium composition of the quantum craters. 23, 24 We model the quantum craters with a varyingthickness InGaAs layer embedded in an infinite GaAs medium. The bottom of the InGaAs layer is assumed to be perfectly flat and parallel to the xy-plane. The expression
is used to describe the height of the InGaAs layer as a function of the radial co-ordinate and the azimuthal angle , where h 0 corresponds to the thickness at the center of the crater, h M to the rim height and h ϱ to the thickness of the InGaAs layer far away from the ring. The ␥ 0 and ␥ ϱ parameters define the inner and outer slopes of the rim, respectively. A three-dimensional finite element calculation based on elasticity theory has been used to calculate the relaxation of the cleaved surface of the modeled QR.
With h 0 = 1.6 nm, h M = 3.6 nm, h ϱ = 0.4 nm, ␥ 0 = 3 nm, ␥ ϱ = 5 nm, = 0.2 and R = 11.5 nm and R = 10 nm for the quantum craters in Figs. 4͑a͒ and 4͑b͒ , respectively, we find that an indium concentration of 55± 5% results in a calculated surface relaxation that matches the measured relaxation of the cleaved surface.
In conclusion, we have performed an atomic scale analysis of the shape, size and composition of buried selfassembled QRs by cross-sectional scanning tunneling microscopy. We find that these structures show indium-rich asymmetric crater-like shapes which differ substantially from the ring-shaped islands on the surface of uncapped QR structures. Our conclusion that such quantum craters have a smaller size and a larger height than the ring-shaped islands, offers an explanation for the observed discrepancies between the measured and theoretical values for the electronic radius and dipole moment of the QRs. 
